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The MiniBooNE experiment has reported results from the analysis of νe and ν¯e appearance searches, 
which show an excess of signal-like events at low reconstructed neutrino energies, with respect to the 
expected background. A signiﬁcant component of this background comes from photon emission induced 
by (anti)neutrino neutral current interactions with nucleons and nuclei. With an improved microscopic 
model for these reactions, we predict the number and distributions of photon events at the MiniBooNE 
detector. Our results are compared to the MiniBooNE in situ estimate and to other theoretical approaches. 
We ﬁnd that, according to our model, neutral current photon emission from single-nucleon currents 
is insuﬃcient to explain the events excess observed by MiniBooNE in both neutrino and antineutrino 
modes.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
The paradigm of three mixing ﬂavors of neutrinos emerges 
from oscillation experiments with solar, atmospheric, reactor and 
accelerator neutrinos in which the square-mass differences and 
mixing angles have been determined with ever growing precision 
(see Ref. [1] for a recent global analysis). Nevertheless, a num-
ber of anomalies that challenge this picture has been observed. 
One of them has been reported by MiniBooNE [2]. The MiniBooNE 
experiment was designed to explore the short-baseline ν¯μ → ν¯e
oscillations observed at the Liquid Scintillator Neutrino Detector 
(LSND) [3]. It has found an excess of electron-like events over the 
predicted background in both ν and ν¯ modes [4,5]. The excess 
is concentrated at 200 < EQEν < 475 MeV, where E
QE
ν is the neu-
trino energy reconstructed assuming a charged-current quasielastic 
(CCQE) nature of the events. Recent analyses have shown that this 
anomaly cannot be explained by the existence of one, two [6,7] or 
event three [6] families of sterile neutrinos, pointing at an expla-
nation that does not invoke oscillations. Although there are exotic 
explanations based on Lorentz violation [8] or radiative decay of 
heavy neutrinos [9,10], it could have its origin in poorly under-
stood backgrounds or unknown systematics. Therefore, it is im-
portant to scrutinize the background prediction using our present 
knowledge of electroweak interactions on nucleons and nuclei.
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SCOAP3.Al low EQEν the background is dominated by photon emission 
because Cherenkov detectors like MiniBooNE cannot distinguish 
electrons from single photons. The largest source of single pho-
tons is neutral current (NC) π0 production, when one of the pho-
tons from the π0 → γ γ decay is absorbed or not identiﬁed. This 
background has been constrained by MiniBooNE’s NCπ0 measure-
ment [11]. The second most important process is single photon 
emission in NC interactions (NCγ ). The MiniBooNE analysis esti-
mated this background using the NCπ0 measurement, assuming 
that NCγ events come from the radiative decay of weakly pro-
duced resonances, mainly  → Nγ [4,5]. This procedure neither 
takes into account the existence of non-resonant terms in the NCγ
amplitude, nor the coherent part of the NCγ cross section in nu-
clei. If the NCγ emission estimate were not suﬃciently accurate, 
this would be relevant to track the origin of the observed excess.
The ﬁrst effort to put the description of NC photon emission 
on solid theoretical grounds was reported in Ref. [12]. The reaction 
on nucleons was studied with a microscopic model developed in 
terms of hadronic degrees of freedom: nucleon, (1232) resonance 
and mesons. Coherent photon emission off nuclear targets was also 
evaluated. With this model, the NCγ event rate at the MiniBooNE 
detector was calculated to be twice larger than expected from the 
MiniBooNE in situ estimate. The conclusion was that NCγ events 
give a signiﬁcant contribution to the low-energy excess [13]. How-
ever, in Ref. [13], the detector material CH2 was treated as an 
ensemble of nucleons, neglecting nuclear-medium effects. In ad-
dition, a rather high and constant eﬃciency of e-like event recon-
struction (30.6 ± 1.4%) was assumed. A contrasting result, much  under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
E. Wang et al. / Physics Letters B 740 (2015) 16–22 17Fig. 1. (Color online.) Feynman diagrams for the hadronic current of NC photon 
emission considered in Ref. [18]. The ﬁrst two diagrams stand for direct and crossed 
baryon pole terms with nucleons and resonances in the intermediate state: BP and 
CBP with B = N , (1232), N∗(1440), N∗(1520), N∗(1535). The third diagram rep-
resents the t-channel pion exchange: π Ex.
closer to the MiniBooNE estimate, was obtained in Ref. [14], based 
on the chiral effective ﬁeld theory of nuclei [15–17], phenomeno-
logically extended to the intermediate energies (Eν ∼ 1 GeV) of 
the ν/ν¯ beams at MiniBooNE. In this model, a rather strong in-
medium suppression of the (1232) excitation is compensated by 
rapidly growing contact terms which are not well understood at 
Eν  1 GeV, being a source of uncontrolled systematics.
In Ref. [18], we have studied the NCγ reaction on nucleons 
and nuclei at intermediate energies with a realistic model that 
extends and improves relevant aspects of the previous work. For 
free nucleons, the model respects chiral symmetry at low mo-
menta and accounts for the dominant (1232) excitation using 
N − (1232) transition form factors extracted from phenomenol-
ogy. Mechanisms involving the excitation of baryon states from 
the second resonance region [N∗(1440), N∗(1520) and N∗(1535)] 
have also been incorporated in order to extend the validity of the 
approach towards higher energies. Both incoherent and coherent 
reaction channels on nuclear targets have been calculated applying 
standard nuclear corrections, in particular, the broadening of the 
(1232) resonance in nuclear matter.
With this model, using the available information about the 
MiniBooNE (anti)neutrino ﬂux [5,19], detector mass and compo-
sition [5], and detection eﬃciency [20], we now predict the NCγ
events at MiniBooNE. We investigate the photon energy and an-
gle, as well as the reconstructed (anti)neutrino energy distribu-
tions, evaluating the uncertainty in the theoretical model. We pay 
attention to the contribution of antineutrinos in neutrino mode 
(and vice versa), and discuss the impact of N∗ excitation mech-
anisms. Our predictions are compared to the MiniBooNE in situ 
estimate [5,20] and the results of Ref. [14].
In Section 2 the theoretical model of the NCγ reaction on 
nucleons and nuclei is brieﬂy described. We refer the reader to 
Ref. [18] for more details. The expressions for the single photon 
electron-like events in the conditions of the MiniBooNE experi-
ment are given in Section 3. We show our results and the compar-
isons to former estimates in Section 4, followed by the conclusions 
in Section 5.
2. Theoretical description of NC photon emission on nucleons 
and nuclei
The model of Ref. [18] for NC photon emission off nucleons,
ν(ν¯) + N → ν(ν¯) + N + γ , (1)
is deﬁned by the set of Feynman diagrams for the hadronic current 
shown in Fig. 1.
The structure of nucleon pole terms, NP and CNP, at thresh-
old is fully constrained by gauge and chiral symmetries, and the 
partial conservation of the axial current (PCAC). They are infrared 
divergent when the photon energy Eγ → 0 but this becomes irrel-
evant when the experimental detection threshold (Eγ > 140 MeV
in the case of MiniBooNE [21]) is taken into account. The exten-
sion towards higher energy transfers required to make predictions at Eν ∼ 1 GeV is performed using phenomenological parametriza-
tions of the weak and electromagnetic form factors. Strange form 
factors, whose present values are consistent with zero [22] have 
been neglected.
The most prominent contribution to the cross section arises 
from the weak excitation of the (1232) resonance followed by 
its radiative decay. The P and CP terms can be written in 
terms of vector and axial N −  transition form factors. The vec-
tor form factors are related to the helicity amplitudes extracted in 
the analysis of pion photo- and electro-production data. We have 
adopted the parametrizations of the helicity amplitudes obtained 
with the unitary isobar model MAID [23]. After adopting the Adler 
model [24,25], the axial transition is expressed in terms of a single 
form factor, C A5 in the notation of Ref. [26], for which we assume a 
standard dipole dependence on the square of the four-momentum 
transferred to the nucleon by the neutrino (q2)
C A5
(
q2
)= C A5 (0)
(
1− q
2
M2A
)−2
, (2)
with C A5 (0) and MA determined in a ﬁt to νμd → μ−++n BNL 
and ANL data [27]. There is no solid theoretical reason to favor this 
ansatz over other parametrizations that can be found in the litera-
ture (see for example Refs. [28,29] and references therein). Unfor-
tunately, the available BNL and ANL data on neutrino induced pion 
production do not allow to discriminate between parametrizations. 
Our choice of Eq. (2) follows our source of empirical information 
about this form factor [27].
A similar strategy has been followed for the N∗P and CN∗P
amplitudes: the electroweak N − N∗ transition currents, whose 
general structure depends on the spin and parity of the excited 
resonance, are parametrized in terms of vector and axial transition 
form factors. The vector form factors are expressed in terms of the 
empirical helicity amplitudes extracted in the MAID analysis. There 
is no experimental information that could be used to constrain the 
axial form factors. Following Ref. [30], we have kept only the lead-
ing axial terms and used PCAC to derive off-diagonal Goldberger–
Treiman relations between the corresponding axial couplings and 
the N∗ → Nπ partial decay widths. For the q2 dependence we 
have assumed a dipole ansatz like in Eq. (2) with a natural value 
of M∗A = 1.0 GeV.
Finally, the π Ex mechanism originates from the Zγπ0 ver-
tex ﬁxed by the axial anomaly of QCD. It is nominally of higher 
order [15] and gives a negligible contribution to the NCγ cross 
section. We have assumed that other higher order terms can be 
also neglected.
The integrated NCγ cross sections and other observables have 
been computed with this model: Section IV A of Ref. [18]. Although 
the (1232) is dominant, the nucleon–pole terms and the contri-
bution of the N∗(1520) become important at Eν > 1 GeV.
The model has been then extended to nuclear targets for both 
the incoherent
ν(ν¯) + AZ |gs → ν(ν¯) + X + γ (3)
and coherent
ν(ν¯) + AZ |gs → ν(ν¯) + AZ |gs + γ (4)
reactions. For the incoherent process we have taken into account 
Fermi motion and Pauli blocking in a local Fermi gas, with Fermi 
momenta determined from proton and neutron density distribu-
tions. For the coherent one we have followed the framework de-
rived in Ref. [31] for weak coherent pion production reactions. 
The nuclear current is obtained by summing the contributions of 
18 E. Wang et al. / Physics Letters B 740 (2015) 16–22Fig. 2. (Color online.) Left panel: Detection eﬃciency of electron-like events at the MiniBooNE detector as a function of the energy deposit [20] (Eγ in our case). Right panel: 
The predicted spectrum at MiniBooNE in ν and ν¯ modes [19].all nucleons. In this sum, the nucleon wave functions remain un-
changed and one obtains nuclear density distributions. In both 
types of reactions, the broadening of the (1232) in the nuclear 
medium is considered. The resonance decay width is reduced be-
cause the ﬁnal nucleon in  → πN can be Pauli blocked but, on 
the other hand, it increases because of the presence of many body 
processes such as N → NN , N → NNπ and NN → NNN
(collisional broadening). These new decay channels have been 
parametrized as a function of the local density in Ref. [32]. The 
resulting cross sections and photon distributions for different tar-
get nuclei can be found in Section IV B of Ref. [18].
2.1. Error budget
Our theoretical predictions have various sources of uncertain-
ties both at the nucleon and nuclear levels. As discussed above 
and in Ref. [18], to build the NCγ amplitude on nucleons we were 
guided by the chiral symmetry of strong interactions that dictates 
the threshold behavior, and by the relevance of the (1232) reso-
nance in similar processes. As one goes to higher energy and mo-
mentum transfers, the hadronic current becomes more uncertain. 
Based on the experience with pion production, in Ref. [18] we as-
sumed that the error in the leading N −  axial coupling C A5 (0) is 
the dominant one. In the present study we have performed a more 
complete error analysis. For this purpose we have also taken into 
account the uncertainty in the q2 dependence of C A5 , characterized 
by MA , as well as the one in the N −  largest helicity ampli-
tudes A1/2 and A3/2 at q2 = 0, from which the Nγ couplings are 
determined [18]. As MAID does not provide errors for these quan-
tities [23], we take the relative errors from the PDG estimates [33]. 
The small uncertainties in the q2 dependence of the N −  helic-
ity amplitudes [23] are not considered. In the case of the nucleon 
form factors that enter the NP and CNP terms in Fig. 1, we neglect 
errors in the vector form factors and axial coupling but take into 
account the uncertainty in the q2 dependence of the axial form 
factor encoded in the axial mass MA . The latter has been obtained 
from CCQE data on hydrogen and deuterium [34]. The uncertainties 
are even larger for mechanisms that occur at higher energies, such 
as those with N∗ intermediate states studied in Ref. [18]. However, 
as will be shown below, the MiniBooNE ﬂux peaks at a rather low 
energy, making the contribution of these mechanisms small. For 
this reason their uncertainties can be safely neglected.
Our description of the NCγ reactions on nuclear targets re-
lies on empirical charge density distributions. For 12C we have 
used a harmonic oscillator distribution with parameters tabulated 
in Ref. [35]. In the present error determination, their errors have 
been adopted as well. We have assumed the same parameters and 
errors for the neutron distributions. An important ingredient of the 
model, particularly for the coherent channel, is the modiﬁcation of Table 1
Error budget.
Quantity Value Source
MA 1.016± 0.026 GeV [34]
C A5 (0) 1.00± 0.11 [27]
MA 0.93± 0.07 GeV [27]
A1/2 (−140± 6)10−3 GeV−1/2 [23,33]
A3/2 (−265± 5)10−3 GeV−1/2 [23,33]
aHO 1.692± 0.015 fm [35]
αHO 1.082± 0.001 fm [35]
(ImΣ)r r = 1.0± 0.1
the (1232) decay width in the medium outlined above. As it is 
not possible to obtain an error from the original calculation [32] of 
the imaginary part of the  selfenergy, ImΣ , we have assumed 
a realistic 10% global relative one for this quantity.
All these uncertainties, summarized in Table 1, have been prop-
agated to the ﬁnal results with a Monte Carlo simulation assuming 
that they are uncorrelated and Gaussian distributed.
3. Single photon events at MiniBooNE
The number of NCγ events at the MiniBooNE detector with a 
given photon energy (Eγ ) in the Laboratory frame and polar angle 
with respect to the incoming neutrino beam direction (θγ ) can be 
cast as
dN
dEγ d cos θγ
= e(Eγ )
∑
l=νμ,ν¯μ
N(l)POT
∑
t=p,12C
Nt
∫
dEνφl(Eν)
dσlt(Eν)
dEγ d cos θγ
. (5)
Here e(Eγ ) stands for the energy dependent detection eﬃciency 
for e-like events provided by the MiniBooNE Collaboration [20] and 
displayed in the left panel of Fig. 2. The integral over the Labora-
tory neutrino energy covers most of the neutrino ﬂuxes φl . We 
take into account intrinsic (before oscillations) νμ and ν¯μ com-
ponents in both neutrino and antineutrino modes (right panel of 
Fig. 2)1 but not the intrinsic νe and ν¯e ones, as we have checked 
that their contribution to the number of events is negligible. Fluxes 
with Eν > 3 GeV are also neglected. The total number of protons 
on target (POT) N(ν)POT = 6.46 × 1020 in ν mode [4] and N(ν¯)POT =
1 The ﬂux predictions at MiniBooNE have been reﬁned in Ref. [36] with two dif-
ferent methods. The analysis shows that while the spectral shape is well modeled, 
the νμ ﬂux component in ν¯ mode has been overestimated. Therefore this compo-
nent should be rescaled by 0.76 ± 0.11 or 0.65 ± 0.23 depending on the method. 
We adopt the more precise and less model dependent [36] value of 0.76.
E. Wang et al. / Physics Letters B 740 (2015) 16–22 19Fig. 3. (Color online.) Distribution of NCγ e-like events at MiniBooNE as a function of the reconstructed (anti)neutrino energy (EQEν ) for the νμ (top) and ν¯μ (bottom) 
MiniBooNE ﬂuxes in the ν (left) and ν¯ (right) modes. The curves labeled as “p”, “inc” and “coh” stand for the contributions of the ν(ν¯) − p, ν(ν¯) − 12C incoherent and 
coherent reactions, respectively. The model parameters are given in Ref. [18]. QE denotes the size of the E
QE
ν bin in the experimental setup.
Fig. 4. (Color online.) EQEν distributions of total NCγ events for the ν (left) and ν¯ (right) modes. Our results, given by the red solid lines are accompanied by grey error bands 
corresponding to a 68 % conﬁdence level. The curves labeled as “no N∗” show results from our model without the N∗(1440), N∗(1520) and N∗(1535) contributions. The 
“MB” histograms display the MiniBooNE estimates [20]. QE denotes the size of the E
QE
ν bin in the experimental setup.11.27 × 1020 in ν¯ mode [5]. The sum over t takes into account 
that, according to the target composition (mineral oil, CH2), the 
interactions can take place on single protons or on 12C nuclei,
Np = 2
14
MNA = 1
7
MNA, N12C =
12
14
M
NA
12
= 1
14
MNA, (6)
where M = 8.06 × 108 grams is the detector mass [5] and NA , the 
Avogadro number.
Using Eq. (5) and the cross section model of Ref. [18] outlined 
in the previous section, it is straightforward to obtain event dis-
tributions for the observable photon energy and angle. These will 
be presented and discussed in the next section. On the other hand, 
as a source of irreducible background to the electron CCQE events 
from νμ → νe (ν¯μ → ν¯e) oscillations, it is important to predict the 
event distribution as a function of EQEν . In the MiniBooNE study, 
the latter is determined from the energy and angle of the outgoing 
electron, assuming that it originated in a νn → e−p (ν¯p → e+n) 
interaction on a bound neutron (proton) at rest
EQEν =
2(mN − EB)E ′ − E2B + 2mN EB
2[(mN − EB) − E ′(1− cos θ ′)] , (7)
with mN the nucleon mass. The difference between the proton and 
neutron masses, and the electron mass have been neglected for 
simplicity; EB = 34 MeV is the constant binding energy assumed 
by MiniBooNE for 12C nuclei [37]. When photons from NCγ events 
are misidentiﬁed as electrons, EQEν is misreconstructed according 
to the above equation, with Eγ and θγ replacing the energy and 
angle of the outgoing electron E ′ and θ ′ . Then, one has thatdN
dEQEν
=
∫
dEγ d cos θγ
dN
dEγ d cos θγ
× δ
(
EQEν −
2(mN − EB)Eγ − E2B + 2mN EB
2[(mN − EB) − Eγ (1− cos θγ )]
)
. (8)
4. Results
In this section, we present our predictions for NCγ e-like 
events as functions of EQEν , Eγ and cos θγ . We compare to the 
MiniBooNE in situ estimate [20] and the results of Ref. [14].
4.1. EQEν distribution of the NC photon events
Our results for the EQEν distributions are shown in Fig. 3 using 
the same bin sizes as MiniBooNE [20]. The partial contributions 
from the reaction on protons and on 12C targets (both incoherent 
and coherent) are displayed. The yields from the incoherent chan-
nel are the largest ones. Those from the coherent channel and the 
reaction on protons, which are comparable, are smaller but not 
negligible. In ν mode (left panel of Fig. 3) the contributions of 
the ν¯μ ﬂux are small and could be safely neglected. However, in 
ν¯ mode (right panel of Fig. 3), there is a considerable amount of 
events from νμ interactions. This is because the cross section for 
neutrinos is about 2.5 times larger than that for antineutrinos [18]
and, in addition, the νμ ﬂux component in the ν¯ mode is consid-
erable, much more than the ν¯μ one in the ν mode (see the right 
panel of Fig. 2).
Next, we display the EQEν distributions for the total number of 
events in Fig. 4. The error bands correspond to a standard 68% con-
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EQEν distributions of the NCγ events at MiniBooNE. Our predictions for the different partial contributions, their sum with the 68% CL error band, and the results without N∗
are displayed. In addition, the lower ( + N) and upper (Full) limits in the calculation of Ref. [14] and the MiniBooNE estimate are shown. The asterisk (∗) stands for ﬁgures 
obtained with EQEν < 1.25 GeV rather than 1.3 GeV.
EQEν (GeV) ν mode ν¯ mode
[0.2,0.3] [0.3,0.475] [0.475,1.3] [0.2,0.3] [0.3,0.475] [0.475,1.3]
p(νμ) 2.94 9.11 4.69 0.31 0.95 0.58
inc(νμ) 11.01 32.70 22.47 1.16 3.38 2.67
coh(νμ) 1.38 5.83 1.52 0.15 0.59 0.16
p(ν¯μ) 0.03 0.11 0.06 0.85 2.76 1.23
inc(ν¯μ) 0.14 0.38 0.23 3.26 9.35 5.09
coh(ν¯μ) 0.03 0.10 0.02 0.85 2.53 0.47
Total 15.54 48.23 29.98 6.58 19.55 10.16
Error band [12.96,18.12] [42.42,54.03] [25.79,33.48] [5.04,8.12] [16.63,22.48] [8.80,12.25]
no N∗ 15.27 47.31 26.60 6.36 19.09 9.03
Zhang( + N) [14] 17.6 43.1 19.3∗ 6.8 16.7 6.0∗
Zhang (Full) [14] 21.4 51.9 37.5∗ 9.1 22.0 18.0∗
MiniBooNE [20] 19.5 47.4 19.9 8.8 16.9 6.9
Fig. 5. (Color online.) Distribution of NCγ e-like events at MiniBooNE as a function of the photon energy for the νμ (top) and ν¯μ (bottom) MiniBooNE ﬂuxes in the ν (left) 
and ν¯ (right) modes. The curves have the same meanings as in Fig. 3.ﬁdence level (CL) and are dominated by the uncertainty in C A5 (0). 
The comparison with the MiniBooNE in situ estimate [5,20] shows 
a good agreement; the shapes are similar and the peak positions 
coincide. The largest discrepancy is observed in the lowest energy 
bin. In the two bins with the largest number of events, the two 
calculations are consistent within our errorbars. For higher EQEν
values, our results are systematically above the MiniBooNE esti-
mate although the differences are small. The error in the detection 
eﬃciency (∼ 15%) [20], not considered in this comparison, will par-
tially account for the discrepancies.
We have also plotted our results without the contributions 
from the N∗ states populating the second resonance peak. The 
differences with the full calculation are small and only sizable 
at higher EQEν (compared with the number of events in these 
bins). The small impact of these heavier resonances is expected 
in view of the rather low energies present in the MiniBooNE ﬂux. 
It is interesting that the inclusion of the N∗ increases the differ-
ences with the MiniBooNE estimate above the maximum (EQEν >
0.475 GeV). This might reﬂect the fact that resonance excitation 
at MiniBooNE is calculated with the phenomenologically outdated 
model of Rein and Sehgal [38] (see for instance the discussion in 
Ref. [39]).
Before ﬁnishing this subsection, in Table 2, we compile the NCγ
events in three bins of EQEν in order to compare to Ref. [14]. Our 
results without N∗ can be confronted with the lower bound in Ref. [14] obtained with  and nucleon–pole terms alone. Except
for the ﬁrst bin, Ref. [14] predicts less events than we do. This 
difference, which is considerable in the third bin, could be par-
tially attributed to the much stronger reduction of the incoher-
ent cross section found in Ref. [14] (see Fig. 9 and the related 
discussion in Ref. [18]). Instead, the upper bound in the predic-
tion of Ref. [14], calculated including contact terms, is larger than 
our results and than the MiniBooNE estimate, particularly in the 
third bin. As mentioned in Ref. [14], this large difference should 
be taken with caution. Indeed, the higher order contact terms 
extrapolated away from threshold are a source of systematic er-
rors.
4.2. Eγ distribution of the NC photon events
The partial contributions of the different reaction channels to 
the Eγ distributions are shown in Fig. 5. The same features dis-
cussed above are present. All distributions have a maximum at 
Eγ = 0.2–0.3 GeV except for the coherent reaction induced by 
neutrinos, which shows a broader peak. The agreement of the full 
model with the MiniBooNE estimate is very good for this observ-
able, even at the lowest photon-energy bin, as can be seen in 
Fig. 6. Our results overlap with the range estimated in Ref. [14]
except at the lowest energies, where both our predictions and 
MiniBooNE’s are smaller. Nevertheless, it should be recalled that 
E. Wang et al. / Physics Letters B 740 (2015) 16–22 21Fig. 6. (Color online.) Photon energy distributions of total NCγ events for the ν (left) and ν¯ (right) modes. The segments, labeled as “Zhang”, go from the lower to the upper 
estimates in Tables IV and V of Ref. [14]. All the other curves and bands denote the same as in Fig. 4.
Fig. 7. (Color online.) Photon angular distribution of NCγ e-like events at MiniBooNE for νμ (top) and ν¯μ (bottom) MiniBooNE ﬂuxes in the ν (left) and ν¯ (right) modes. 
The description of the curves is the same as in Fig. 3.
Fig. 8. (Color online.) Photon angular distributions of total NCγ events for the ν (left) and ν¯ (right) modes. Curves and bands denote the same as in Fig. 4.considering the lowest limit of the range estimated in Ref. [14], 
where the model content of the two approaches is very simi-
lar, we predict more NCγ events than Zhang and Serot [14] for 
Eγ > 0.2 GeV.
4.3. cos θγ distribution of the NC photon events
The partial contributions to the cos θγ distributions of NCγ
events, presented in Fig. 7, show some interesting features. The 
distributions from incoherent scattering on 12C are more forward 
peaked for neutrinos than for antineutrinos; the latter have a max-
imum around cos θγ ∼ 0.7. As expected, the coherent events are 
the most forward peaked. For antineutrinos, and in the forward 
direction, we predict larger yields from coherent photon emission 
than from the proton channels. The comparison with the Mini-
BooNE in situ estimate, displayed in Fig. 8, reveals that we predict 
more forward peaked distributions than MiniBooNE does. This is 
not surprising as we have sizable coherent contributions, not con-
sidered in the MiniBooNE estimate.5. Conclusions
With our microscopic model [18] for (anti)neutrino-induced NC 
photon emission on nucleons and nuclei, we have calculated the 
contribution from these processes to the electron-like irreducible 
background at the MiniBooNE experiment. To this aim we have 
taken into account the detector mass and composition, detection 
eﬃciency and the relevant components of the (anti)neutrino ﬂux. 
Event distributions for photon energy and polar angle, relative to 
the direction of the incoming neutrino, have been obtained. We 
have also considered the distributions in the neutrino energy, mis-
reconstructed assuming a CCQE nature for the events; this variable 
is used in the oscillation analysis as the true neutrino energy. The 
largest contribution to the NCγ events in the mineral oil (CH2) 
target of MiniBooNE arises from the incoherent reaction on 12C al-
though the interactions on the two protons and coherent scattering 
on 12C produce sizable, and similar in magnitude, yields. The con-
tribution from muon neutrinos in antineutrino mode is found to 
22 E. Wang et al. / Physics Letters B 740 (2015) 16–22be important, unlike the insigniﬁcant one of muon antineutrinos 
in neutrino mode.
These results have been confronted with the MiniBooNE in situ 
estimate, obtained by tuning the resonance production model to 
the NCπ0 measurement without taking into account non-resonant 
mechanisms or the coherent part of the cross section. They have 
also been compared to the estimates of the model of Zhang and 
Serot [14] based on an effective theory extended to higher ener-
gies using phenomenological form factors. The overall agreement 
is good in spite of the differences in the approaches, in contrast to 
the ﬁndings of Hill [13], obtained with a rather high and energy in-
dependent detection eﬃciency and neglecting nuclear effects. It is 
also worth mentioning that the NOMAD experiment has obtained 
an upper limit of 4.0 × 10−4 single photon events per νμ charged-
current ones with 90% CL, at a much higher Eν ∼ 25 GeV [40]. 
Although non of the NCγ models developed so far is applicable at 
the high energy transfers that can occur in NOMAD, in the lim-
ited region of phase space where these models are valid, they 
should fulﬁll the NOMAD constraint as a necessary condition. In 
our case, restricting the invariant mass of the outgoing nucleon–
photon pair to W < 1.6 GeV, where the model is applicable, and 
neglecting nuclear effects (that would reduce the cross section) 
we obtain σ(NCγ , W < 1.6 GeV)/σ (νμA → μ−X) ≈ 0.8 × 10−4
at Eν = 25 GeV, which is safely below the NOMAD limit. A simi-
lar condition should be obeyed by any possible explanation of the 
MiniBooNE anomaly in terms of single photons, using the physics 
of the Standard Model or beyond it.
Therefore, based on the model of Ref. [18], we conclude that 
photon emission processes from single-nucleon currents cannot 
explain the excess of the signal-like events observed at MiniBooNE. 
Multinucleon mechanisms, which provide a signiﬁcant amount of 
the CCQE-like cross section [41–43], await to be investigated for 
this channel. Although these processes are bound to have some 
repercussion, they are unlikely to alter the picture dramatically. 
The forthcoming MicroBooNE experiment [44], capable of distin-
guishing photons from electrons, should be able to shed light on 
this puzzle.
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